. This justifies a greater attention to the issue of FA composition and FA bioaccessibility-the share of a given FA initially present in a food that is rendered available for absorption across the intestinal wall after the human digestive process -in seafood and processed products obtained from seafood, such as cod liver oil supplements.
Recent experimental work has been undertaken with the aim of finding and improving suitable in vitro digestion models for the realistic simulation of the human digestive system Minekus et al., 2014) . Such challenge is compounded with extra technical difficulties when the targeted food constituent is also present in the substances used in the simulation of digestion, as in the case of lipids, which are to be found, for instance, in the bile . For lean seafood, this can pose problems, since the amount of bile lipid components will not be much lower than the quantity of lipids in the sample. To the knowledge of the authors, this issue has not been conclusively covered by the literature. Indeed, these are only a few studies on lipid bioaccessibility Costa et al., 2015) . Besides, lipid class distribution of the fatty acids (FAs) may be influential for the bioaccessibility of particular FAs, thereby putting another layer of complexity onto the issue. For instance, it has been observed in in vivo studies with humans that FAs bound in triacylglycerol (TAG) are more bioavailable than FAs bound in ethyl ester (EE) form (Dyerberg, Madsen, Møller, Aardestrup, & Schmidt, 2010; Neubronner et al., 2011) . These EEs can be found in fish oil supplements, but not in the large majority of foods. Finally, the interference of other nutrients, such as proteins, in FA bioaccessibility has been suggestedespecially after drastic thermal treatment that can generate protein aggregates-but not decisively proven Costa et al., 2015 Costa et al., , 2016 . Therefore, for a deeper understanding of the factors affecting FA bioaccessibility, fish with different levels of fat and cod liver oil supplement at different amounts were chosen as models for highlighting the impact of fat level and of the presence of proteins and other components on digestibility of seafood as assessed by an in vitro model. Raw fish was preferred to cooked fish in order to exclude the effects of thermal treatment from the comparison between fish and oil, thereby highlighting the presence of other components besides lipids as a major independent variable.
| MATERIAL S AND ME THODS

| Experimental design and samples
For assessing the effect of different fat levels on the in vitro human digestion model and FA bioaccessibility, fish samples with three different fat levels were selected for being used as substrate for the digestive simulation. Accordingly, fish samples corresponding to approximately 5, 10, and 15% w/w fat were chosen and termed A, B, and C, respectively. Moreover, a cod liver oil supplement was also used as substrate for the digestion model and different amounts of oil (82, 154, 313, 604, and 1,027 mg) were subjected to the digestive procedure. This enabled to assess the effect of fat on bioaccessibility without the interference of other nutrients, such as proteins, present in the fish samples. On the other hand, the juxtaposition of the three fish samples to three different amounts of supplement enabled to compare situations with a similar fat input in the digestive system-1.5 g of fish, corresponding to fish with 5% w/w-75 mg, 10% w/w-150 mg, and 20% w/w-300 mg of fat, was matched by 82, 154, and 313 mg of cod liver oil supplement-but distinct food chemistry, that is, to evaluate the importance of the other components (protein, minerals, etc.) in the bioaccessibility of FAs. For this reason, raw fish was used instead of cooked fish-otherwise, the effects of thermal treatment would be impossible to disentangle from the fish matrix effects. Regarding the higher tested amounts of oil supplement, 604 mg was chosen for simulating fish with fat content above 20% w/w and 1,027 mg corresponded to the amount of fat in many cod liver oil prescriptions.
| Bioaccessibility
For the bioaccessibility study of compounds, raw fish (samples A, B, and C) and cod liver oil (supplement) samples were used. In order to acquire information about FA bioaccessibility, samples were subjected to an optimized in vitro digestion methodology previously described . In particular, the sample amount used as input to the model (1.5 g) was chosen on the basis of previous studies aiming at an optimization of the digestive model. These studies showed that 1.5 g corresponded approximately (in average) to a 150 g meal (typical fish portion size) and 3.0 g corresponded to a half empty stomach after eating a warm meal with different components (e.g., fish plus rice and vegetables) and, also, to a caloric content of 400-500 kcal, such as was initially modeled by other authors (Versantvoort, Oomen, Van de Kamp, Rompelberg, & Sips, 2005 ). In the current study, since the focus was solely on fish vs. oil per se, the 150 g meal situation was chosen. The composition and chemicals used for the simulated digestive juices (saliva, gastric, duodenal, and bile) were the same described by Afonso et al. (2015) . Briefly, 1.5 g of fish (a raw, solid piece cut from a fillet) or the selected amount of liquid oil (82, 154, 313, 604 , and 1,027 mg) was homogenized with 4 ml of artificial saliva using a model Polytron PT 6100 homogenizer (Kinematica, Luzern, Switzerland) at a velocity of 10,000 rpm during 3 min (mouth phase simulation). Then, 8 ml of artificial gastric juice was added, before proceeding to 2-hr incubation at 37°C (gastric phase simulation). Afterward, 8 ml of artificial duodenal juice (containing porcine pancreatic lipase, PPL) plus 4 ml of artificial bile and 1.3 ml of NaHCO 3 was added and followed by a second incubation at 37°C during 2 hr (intestinal phase simulation). The digested and non-digested fractions were separated by a centrifugation at 2,750 × g for 5 min.
| Calculations
The percentage (%) of FAs in the bioaccessible fraction was calculated as follows:
Where:
[FA] bioaccessible - [FA] (Bligh & Dyer, 1959) using methanol and chloroform as solvents.
| Lipid extraction
Lipid extraction from fish samples was done by the Bligh and Dyer method (Bligh & Dyer, 1959) . For fat extraction in the bioaccessible fraction, a different technique was used, since fat is already available in the bioaccessible phase due to mechanical and enzymatic action during the in vitro digestion. Briefly, 2 ml chloroform was added followed by centrifugation (Sigma 3k30, Osterode am Harz, Germany) at 2,000 × g for 5 min at a temperature of 4°C.
After repeating previous step, organic phase was filtered through anhydrous sodium sulfate and evaporated in a rotary evaporator (Rotavapor, Büchi RE 121, Flawil, Switzerland) . The samples were stored at −20°C until further analyses. Afterward, the fatty acid profile for each main lipid class was determined.
| Lipid class determination
The relative weight of each lipid class was determined by analytical thin-layer chromatography (TLC) using a previously described method (Bandarra, Batista, Nunes, & Empis, 2001 ). 
| Fatty acid profile
The fatty acid profile was determined in the samples before and after digestion (bioaccessible fraction). Fatty acid methyl esters (FAME) were prepared by acid-catalyzed transesterification using the methodology described by Bandarra, Batista, Nunes, Empis, and Christie (1997) . Samples were injected into a Varian Star 3800 Cp gas chromatograph (Walnut Creek, CA, USA), equipped with an autosampler with a flame ionization detector at 250°C. FAME were identified by comparing their retention time with those of Sigma-Aldrich standards (PUFA-3, Menhaden oil, and PUFA-1, Marine source from Supelco Analytical). Data in mg/100 g of edible part were calculated using the peak area ratio (% of total fatty acids) and the lipid conversion factors set by a previous study (Weihrauch, Posati, Anderson, & Exler, 1977) .
| Statistics
All data were analyzed using Statistica 6 software (StatSoft, Inc., Tulsa, OK74104, USA). One-way ANOVA was used to determine significant differences (p < 0.05) between fish and cod liver oil supplement samples before digestion, and factorial ANOVAs were applied to determine significant differences (p < 0.05) between fatty acids in combination with the effect of digestion as well as between bioaccessibility of different fatty acids in the same sample combined with the bioaccessibility of the same fatty acid among different fish and cod liver oil samples, followed by a multiple comparison test (Tukey HSD). When data could not satisfy normal distribution and homoscedasticity requirements, differences were analyzed with non parametric analysis of variance (Kruskal-Wallis) followed by non parametric multiple comparison test (Zar, 1999) .
| RE SULTS AND D ISCUSS I ON
| Characterization of samples
| Proximate composition
The proximate composition of the analyzed fish samples (A, B, and C) is shown in Table 1 . As expected, the moisture content was highest in the fish A sample and lowest in the fish C sample, thereby corresponding to the opposite of the fat content, which increased from sample A to sample C. The ash content variation displayed the same trend observed for moisture content. The protein concentration was lower only in the fattest fish sample (C).
| Lipid fraction
The distribution of the main lipid classes in the selected fish samples (A, B, and C) and supplement prior to digestion is displayed in Tables 2 and 3 As fat level increases from fish A (5.4% ± 0.3% w/w) to fish B (10.2% ± 0.1% w/w) and C (16.6% ± 0.2% w/w), it is expected an increase in the share of storage lipids, mainly found as TAG (Stubhaug, Tocher, Bell, Dick, & Torstensen, 2005) . In fact, the TAGs were highest in the fattest fish sample. However, the expected reduction of the PL share in total fat was not observed. The PL range is similar to that found in other studies involving fish with more than 5% w/w fat, such as gilthead seabream (Costa et al., 2016) , and lower than the range of 8%-10% w/w observed in leaner fish, with <5% w/w fat, such as sole (Afonso et al., 2017) . The TAG levels and the absence of MAGs were also reported in previous studies with other fish species, such as gilthead seabream (Costa et al., 2016) and salmon . In this latter case, a very fat fish (19.9% ± 0.8% w/w), just as in fish C, TAGs also exceeded 90% of total lipid and no FFA was detected.
| Fatty acid profile
The FA profiles of the fish samples (A, B, and C) as well as of the cod liver oil supplement are shown in Table 1 . There were important differences between the four samples. Whereas the PUFAs were the main group of FAs in the FA profiles of fish samples A and B, the monounsaturated FAs (MUFAs) were the most abundant FAs in fish sample C and in the supplement. On the other hand, the saturated FAs (SFAs) were lower in these samples, being the lowest share of SFA displayed by fish C. The differences in the SFA contents were mainly due to the variations in the palmitic acid Specifically, the most relevant ω3 PUFAs were EPA and DHA, which were much less abundant in sample C and the oil supplement. Linolenic acid (18:3 ω3) content was almost as high as DHA value in fish C. It is also noteworthy that the highest EPA level was determined in fish B and the highest DHA level in fish A (the leanest of all fish samples). In keeping with the total ω6 PUFA content, linoleic acid (18:2 ω6) content also increased from approximately 1% (A and B) to 9%-14% (C and supplement).
The abundance of MUFA in fish C is similar to the same phenomenon observed in other farmed fish species, such as salmon . The low ω3/ω6 ratio measured in fish C is not much different of the ω3/ω6 ratio in raw farmed salmon, 1.6 . Furthermore, the proportions of the main FAs (oleic, palmitic, linoleic, and DHA) in fish C are similar to the values found in farmed salmon Nanton et al., 2007) . Any differences may be ascribed to the particular feed used in rearing farmed fish and not to any other factor. On the other hand, values found for fish samples A and B are similar to FA profiles of other wild fish species reported in the literature (Bandarra et al., 1997 (Bandarra et al., , 2001 . Regarding the oil supplement, its FA composition differed in some aspects of other cod liver oils (Lei et al., 2016) , especially in the presence of a substantial share of linoleic acid that was the cause of a low ω3/ω6 ratio.
TA B L E 3 Distribution of main lipid classes (%) in the cod liver oil supplement before (initial) and after digestion (bioaccessible), taking into account the different tested amounts in the digestion model Values are presented as average ± SD. Different lowercase letters within a column correspond to statistical differences between in vitro digestion trials using different amounts of cod liver oil (p < 0.05). Different uppercase letters in the three-first rows correspond to differences to the matched fish samples after digestion (bioaccessible) in Table 2 Nonetheless, its richness in oleic acid and ω3 PUFA was comparable to the values reported in the literature (Lei et al., 2016) .
| FA Bioaccessibility
| Degree of hydrolysis
The level of TAG hydrolysis in the bioaccessible fractions of the fish and supplement samples is presented in Tables 2 and 3 Specifically, it has been claimed that specific proteins may affect bioaccessibility of other nutrients (Moser, Chegeni, Jones, Liceaga, & Ferruzzi, 2014) . However, it has also been reported that lipases are more interfacially active than other proteins and may prevail at the interface even in the presence of large amounts of other proteins (Reis et al., 2008) .
Results also seem to indicate that the used in vitro digestion model operates successfully up to quite high fat levels in fish. These may be, at least, 16% w/w or even 20% w/w, if salmon data from a previous study using the same model are taken into account . On the other hand, any sample with 300 mg or more fat may require changes to the model, for instance, demanding higher levels of lipase.
| Bioaccessible fatty acid profile
The fatty acid profiles of the bioaccessible fractions of the three fish Tables 4 and 1) . Namely, total SFA levels were similar. However, there were differences. The total MUFA and oleic acid contents were higher in the bioaccessible fraction. The total ω6 PUFA and linoleic acid levels in the bioaccessible FA profiles of fish A and B were lower than in the samples prior to digestion. No differences were found in ω3 PUFA in fish B and C.
Owing to digestion, the ω3/ω6 ratio did not change in fish C, but it was increased, almost doubling, in fish A and B.
The bioaccessible FA profiles of the oil trials were all very similar.
The only clear trend was observed in the percentages of ω6 PUFA and linoleic acid, which declined with increasing amount of supplement. In comparison with the supplement FA profile before digestion (Table 1) , total MUFA and oleic acid contents were higher in all five bioaccessible fractions. For supplement amounts up to 313 mg, there was also an increase in ω6 PUFA and linoleic acid in the bioaccessible fraction, thus causing a deterioration of the ω3/ω6 ratio.
On the basis of raw fish and oil samples' results, it can be stated that total MUFA and oleic acid are enriched in the bioaccessible fraction. A similar study centered on sole did not show any enrichment of these FAs as a result of digestion (Afonso et al., 2017) . Likewise, this sole study did not find any systematic increase or decrease in ω6 PUFA and linoleic acid concentrations in the bioaccessible fractions. Taking into account supplements' trials, ω6 PUFA and linoleic acid seem to be more concentrated in relative terms in the bioaccessible fractions than before digestion up to an amount of fat corresponding to approximately a 20% w/w fat fish (300 mg in 1.5 g). As lipolysis becomes incomplete at higher fat amounts, the relative advantage of these FAs seems to vanish. Hence, ω6 PUFA and linoleic acid may well be more abundant in the bioaccessible fractions, thus suggesting a bioaccessibility above the average FA bioaccessibility. Variables such as lipolysis kinetics (Giang et al., 2016) , solubilization in bile salt mixed micelles (Freeman, 1969) , and emulsion properties (Zhang, Zhang, Zhang, Decker, & McClements, 2015) may contribute to determine, for instance, a lower or higher bioaccessibility of linoleic acid than that of other FAs.
| Calculation of the bioaccessibility factors of lipid and fatty acids
The calculated values of the lipid and FA bioaccessibility factors in percentage for the tested fish and supplement samples showed differences between FAs and samples (Table 6 ).
With the exception of the highest amount of oil supplement, 1,027 mg, the FAs' bioaccessibility percentages were variable. In the case of oil amounts between 82 and 604 mg, the bioaccessibility of SFA was always lower than that of MUFA. This agrees with the relative enrichment of MUFA in the bioaccessible fraction of these samples. The bioaccessibility percentage of PUFA was mostly between those values of SFA and MUFA. In fact, the bioaccessibility of each PUFA varied widely. Linoleic acid displayed very low bioaccessibility levels in fish A and B. DHA bioaccessibility was sometimes lower than the bioaccessibilities of oleic acid and MUFA (for instance, in fish A and C as well for 604 mg oil), but never higher. Furthermore, bioaccessibility of EPA was sometimes lower than that of oleic acid and MUFA (in fish C and 154 and 604 mg oil), but never higher.
Hence, there were some trends, namely, bioaccessibility of EPA and DHA was typically lower than that of oleic acid and MUFA.
Regarding the comparison between raw fish and oil samples, overall lipid bioaccessibility was lower in fish B than in fish C, being all the other samples intermediate. At a more detailed level, while there was no difference in the SFA bioaccessibility between samples, MUFA and PUFA bioaccessibility percentages of fish A were lower than those of fish C. This was also found for ω3 PUFA bioaccessibility, 61% ± 7% (A) vs. 81% ± 0% (C), and ω6 PUFA bioaccessibility, 30% ± 8% (A) vs. 93% ± 0% (C). For particular FAs, the same opposition between fish A and fish C was found in oleic acid, linoleic acid, and DHA. Concerning the oil supplements, no difference was detected among them except for DHA bioaccessibility. However, there was no clear trend for this parameter.
The relationship between SFA, MUFA, and PUFA bioaccessibility was different of what was reported for salmon , sole (Afonso et al., 2017) , and gilthead seabream (Costa et al., 2016) . Specifically, for sole fed a diet low in linoleic acid and gilthead seabream, the bioaccessibility of PUFA was lower than that of SFA and MUFA. Nevertheless, in the consulted literature (Afonso et al., 2017; Costa et al., 2016) , the highest bioaccessibility values have been mostly ascribed to MUFA group, just as in the current study. The gilthead seabream study (Costa et al., 2016 ) also reported an EPA and DHA bioaccessibility lower than MUFA bioaccessibility.
Very low linoleic acid bioaccessibility values were determined in sole fed a diet low in linoleic acid (Afonso et al., 2017) and gilthead seabream (Costa et al., 2016) . On the other hand, salmon and sole fed a diet rich in linoleic acid (Afonso et al., 2017) presented bioaccessibility percentages for linoleic acid similar to MUFA bioaccessibility. This parallels the findings of the current fish and oil study. Therefore, linoleic acid bioaccessibility seems to be consistently dependent on its initial amount.
Moreover, results only support a reduction of bioaccessibility for higher levels of unsaturation, given the variation between SFA TA B L E 4 Fatty acid profile (% of total FAs) of the bioaccessible fraction of the three fish samples Values are presented as average ± SD. Different lowercase letters within a row correspond to statistical differences between fish samples (p < 0.05). Different uppercase letters correspond to differences to the same fish samples before digestion in Table 1 (p < 0.05).
TA B L E 5 Fatty acid profile (% of total FAs) of the bioaccessible fractions of the cod liver oil supplement simulating different fat intake levels Values are presented as average ± SD. Different lowercase letters within a row correspond to statistical differences between different amounts of digested cod liver oil (p < 0.05). Different uppercase letters correspond to differences to the cod liver oil before digestion in Table 1 (p < 0.05).
TA B L E 6 Lipid and fatty acid bioaccessibility (%) of the three fish samples and cod liver oil corresponding to different fat intake levels and MUFA bioaccessibility-a first double bond does not seem to be deleterious to FA bioaccessibility. Concerning this effect of the unsaturation level, it is possible that lipases are less able to hydrolyze more unsaturated FAs (Giang et al., 2016) , thus hindering their bioaccessibility. This can be supported by recent work on PPL, which has found that PPL preferentially hydrolyzes FAs whose first double bond from the ester linkage is farther from the ester (Akanbi, Sinclair, & Barrow, 2014 (Garaiova et al., 2007) and it is favored by utilization of gelled emulsions instead of traditional oil supplements (Haug et al., 2011) . (Table 1 ). The nature of the interaction may involve viscosity and physical properties of the digestate (Amyoony et al., 2017) or chemical mechanisms and adsorption phenomena (Rein et al., 2013 ).
Finally, it should be noted that this study did not aim to draw conclusions about the advantage of consuming either oil supplements or fish, but focused on the effects of fat level and the interference of other nutrients on lipolysis and bioaccessibility. For this reason, raw fish was used, thereby excluding thermal treatment effects as a factor. Cooking would necessarily affect FA bioaccessibility and, probably, reduce it , but a comparison between cooked fish and oil supplements for a critical dietary appraisal, particularly with respect to ω3 PUFA and DHA, must be the focus of future study.
| CON CLUS IONS
It was possible to make valuable comparisons on the basis of the fish and oil supplement samples used in this study. Firstly, it must be mentioned that digestion of the fish and oil (up to 154 mg) samples as measured by TAG disappearance was complete. Lipolysis was impaired by high amounts of oil (313 mg and higher). There was no loss of efficiency by the lipases as a result of more complex matrices-containing non lipid components. Bioaccessible FA profiles had similarities with the initial (before digestion) FA profiles. However, total MUFA and oleic acid contents were higher in the bioaccessible fraction. The bioaccessibility of EPA and DHA was typically lower than that of oleic acid and total MUFA. Results support a reduction of bioaccessibility for higher levels of unsaturation in fish samples.
This may be due to a lower level of lipolysis or to chemical phenomena specific of the highly unsaturated FAs. Moreover, results
show that the fat level of the samples did not affect bioaccessibility.
Accordingly, lipolysis and bioaccessibility may be difficult to correlate. On the other hand, protein and other components may have interfered in lipid bioaccessibility and it was found that the reduction of bioaccessibility was stronger when the relative weight of the lipid fraction was smaller with respect to that of the protein fraction. 
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